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The leech embryo develops by spiral cleavage, and establishes the symmetry properties of its adult body
plan through the bilaterally symmetric divisions of mesodermal proteloblast DM″ and ectodermal
proteloblast DNOPQ‴. We here show that transcriptional inhibitors α-amanitin and actinomycin D
speciﬁcally disrupt the symmetry and orientation of these two proteloblast cell divisions while having no
apparent effect on the timing or geometry of other divisions. Transcriptional inhibition had a similar
effect on both proteloblasts, i.e. cytokinesis was highly asymmetric and the cleavage plane roughly
orthogonal to that seen during normal development. These ﬁndings suggest that zygotic gene product
(s) are required, either directly or indirectly, for the correct placement of the proteloblast cleavage
furrow. The same phenotypes were also observed following in vivo expression of dominant-negative Pax
gene constructs. These dominant-negative phenotypes depended on protein/DNA interaction, and could
be rescued by coexpression of full length Pax proteins. However, symmetric cleavage of the mesodermal
proteloblast was rescued by full length constructs of either Hau-Paxβ1 or Hau-Pax2/5/8, while only Hau-
Paxβ1 rescued the symmetry of ectodermal cleavage. We conclude that both proteloblasts need Pax-
mediated transcription to adopt their normally symmetric cleavage patterns, but differ in terms of the
speciﬁc Pax proteins required. The implication of these ﬁndings for the evolution of spiral cleavage is
discussed.
& 2013 Elsevier Inc. All rights reserved.Introduction
The timing and geometry of early embryonic cell divisions are
tightly regulated in many species. Some embryos have large cell
populations that display coordinated patterns of mitosis (Newport
and Kirschner, 1982; O′Farrell et al., 1989), whereas other taxa
display intricately stereotyped patterns of cell division in which
each individual cytokinesis manifests a speciﬁc symmetry and
orientation (Sulston et al., 1983). Much has been learned about the
molecular pathways that control cleavage geometry (Bergmann
et al., 2003; Hampoelz and Knoblich, 2004; Goldstein and Macara,
2007), but relatively little is known about the factors that guide all rights reserved.
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llinois at Urbana-Champaign,given cell lineage through a sequence of different geometries as
development proceeds.
In this paper we investigate one such developmental transition
in the embryonic cell lineage of the leech Helobdella austinensis.
Leeches are annelid worms, and develop by means of a distinctive
and widely conserved mode of embryogenesis known as spiral
cleavage (reviewed by Henry and Martindale, 1999). Spiral clea-
vage is only found in the superphylum Lophotrochozoa (Dunn
et al., 2008), and is so named because the early embryo undergoes
several rounds of obliquely oriented cell divisions that alternate
between dextral (clockwise) and sinistral (counterclockwise) chir-
ality. But as the spiralian embryo matures, certain speciﬁc cell
lineages in the dorsal or D quadrant stop undergoing spiral
divisions and switch instead to bilaterally symmetric cell divisions
that preﬁgure the symmetry properties of the larval and adult
body plans (Henry and Martindale, 1999).
This transition to bilateral symmetry is depicted in Fig. 1. At the
fourth round of embryonic cleavage, macromere D′ undergoes a
spiral division of sinistral orientation to produce cells DM and
DNOPQ (Fig. 1B). These two cells are distinctive in that they both
inherit a pool of yolk-free ′teloplasm′ enriched in maternal RNA
(Holton et al., 1994) and are encircled by a cortical cytoplasm
Fig. 1. Onset of bilaterally symmetric cleavage in the leech Helobdella. An overview
of Helobdella development can be found in Weisblat and Huang (2001): (A) Cell
lineage leading up to the proteloblast cleavages (bold). Time is hours after ﬁrst
cleavage for H. austinensis at 24 1C. (B) Animal pole view of embryo at onset of stage
4b. Cell D′ cleaves obliquely to produce DM and DNOPQ, each of which inherits a
pool of teloplasm (solid gray) encircled by a yolk-rich cortex (stippled). (C) At the
onset of stage 5, ectodermal proteloblast DNOPQ‴ cleaves symmetrically to
produce left and right NOPQ cells. Mesodermal proteloblast DM″ has already
cleaved symmetrically to produce left and right M teloblasts. The planes of
mesodermal and ectodermal symmetry are not yet aligned at this stage. The
individual cells of the micromere cap (mc) are not delineated in this panel except
for dnopq′–dnopq‴.
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of two asymmetric, micromere-producing divisions (Fig. 1A), then
its large vegetal granddaughter DM″ switches to a bilaterally
symmetric division in which the cleavage plane is parallel to the
animal-vegetal (AV) axis (Fig. 1C). This symmetric division segre-
gates teloplasm and cortex equally between daughter cells Ml and
Mr, mesoteloblasts which go on to generate the left and right
halves of the mesoderm (Weisblat and Huang, 2001). We here
refer to DM″ as the leech′s ′mesodermal proteloblast′, and note
that it is functionally equivalent to the 4d cell of standard spiralian
nomenclature (Gline et al., 2011).
Cell DNOPQ is situated in the animal hemisphere, and is homo-
logous to the 2d cell of other spiralians (Meyer and Seaver, 2011). The
DNOPQ lineage undergoes three highly asymmetric divisions of
alternating chirality to produce yolk-free micromeres dnopq′-dnopq
‴ (Fig. 1, S1), but its large vegetal great-granddaughter DNOPQ‴ then
switches to a bilaterally symmetric division whose cleavage plane is
closely parallel to the AV axis (Fig. 1C). This symmetric division
segregates teloplasm and cortex equally between daughters NOPQl
and NOPQr, which will undergo several additional rounds of sym-
metric cleavage to produce a bilateral array of ectoteloblasts
(Weisblat and Huang, 2001). Cell DNOPQ‴ is therefore said to be
an ′ectodermal proteloblast′.
We here report that certain Pax gene transcription factors
play a critical role in regulating the bilateral symmetry of these
two proteloblast cleavages. Pax genes are found throughout
metazoan animals (Matus et al., 2007), and are known to play
important roles in development, differentiation, and disease
(Lang et al., 2007; Wang et al., 2008). Most Pax proteins are
characterized by a DNA-binding motif called the paired domain,
although some families display a downstream homeodomain aswell (Balczarek et al., 1997). There are ﬁve major Pax gene
families conserved among most bilaterian animals (Matus et al.,
2007), but we recently described a sixth family, Paxβ, that
appears to have arisen by duplication and divergence of the
Pax2/5/8 gene in an early spiralian ancestor (Schmerer et al.,
2009). The Paxβ gene underwent an additional duplication in
the leech′s evolutionary lineage, but only Hau-Paxβ1 – and not
its paralog Hau-Paxβ2 – is expressed during the early cleavage
stages of embryogenesis in H. austinensis (Schmerer et al., 2009).
In this paper we analyze the developmental function of Hau-
Paxβ1 and two other Pax genes known to have early embryonic
expression. Since Pax proteins function primarily as transcription
factors, we also use pharmacological inhibitors to examine the
developmental signiﬁcance of zygotic transcription per se. Our
results suggest that the Pax-mediated transcription of one or more
zygotic target genes is necessary for the leech′s mesodermal and
ectodermal proteloblasts to make their normal transition to
bilateral symmetry.Methods
Embryos
Leech embryos were taken from breeding colonies maintained
at ambient temperature in 1% artiﬁcial sea water and fed thrice
weekly on pond snails. Embryos were raised at 24 1C in buffered
saline culture medium, and staged according to Weisblat and
Huang (2001). The H. austinensis colony was established by
Seaver and Shankland (2000), but Bely and Weisblat (2006) later
recognized this to be a novel species on the basis of mitochondrial
DNA. A deﬁnitive species description is provided by Kutschera
et al. (2013).
The H. triserialis colony was established in 2011 with ﬁrst
generation progeny of wild leeches collected in Palo Alto, CA, by
Ulrich Kutschera, and conveyed to the authors by Dian-Han Kuo
and David Weisblat (U.C. Berkeley). Species identity was veriﬁed
by sequencing a fragment of cytochrome c oxidase subunit I (COI)
ampliﬁed with primers 5′-GGTCAACAAATCATAAAGATATTGG-3′
and 5′-TAAACTTCAGGGTGACCAAAAAATCA-3′.
Inhibition of zygotic transcription
We blocked zygotic transcription with two agents known to be
effective across a wide range of eukaryotic systems. The drug α-
amanitin (Sigma) was minimally effective in bath application, so
we microinjected leech embryos with an aqueous solution to
which 2% fast green FCF (Sigma) had been added to visually
monitor injection. Controls were injected with fast green alone.
We calculated our standard injection as 0.4% of embryo volume,
and varied α-amanitin in the injection needle to yield estimated
intraembryonic concentrations of 40 nM or 1 μM. Amanitin readily
passes between leech blastomeres (Bissen and Weisblat, 1991),
and injection of 1-, 2-, and 4-cell embryos gave indistinguishable
results.
Actinomycin D (Sigma) was dissolved in DMSO as a 40 mg/ml
stock, then diluted to 200 μg/ml in embryo culture medium.
Embryos were treated at the 1- to 4-cell stages, and raised in the
dark. Controls were raised in culture medium supplemented with
0.5% DMSO.
Lineage tracing and histology
Cleavage-stage embryos were ﬁxed overnight with continual
agitation in a biphasic mixture of 6.4% formaldehyde (Pella Co.) in
0.05 PBS mixed 1:1 with heptane. At stage 7 or older, embryos
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were rinsed in PBS and cleared in glycerol after removal of the
vitelline envelope; then examined on a Nikon Eclipse E800
microscope with a Diagnostic Instruments Flex 1520 CCD camera.
To trace cell lineage we microinjected cells with 50 mg/ml
tetramethylrhodamine- or ﬂuorescein-dextran-amine (RDA or
FDA; Molecular Probes) in 2% fast green. Some ﬁxed specimens
were embedded in plastic (POLYBed 812, Polysciences), cut into
0.1 mm sections, and imaged on a Zeiss LSM5 Pascal confocal
microscope. To visualize nuclei, we injected lineages with H2B:RFP
mRNA (0.2 mg/ml) encoding human histone H2B fused to red
ﬂuorescent protein (Kieserman et al., 2008). Proteloblast deriva-
tives were scored as ectodermal or mesodermal based on location
in the animal or vegetal hemispheres.
Expression plasmids
A full length GFP-tagged Hau-Paxβ1 fusion was generated by
ligating the Paxβ1 ORF (Schmerer et al., 2009) into a modiﬁed
pCRII-TOPO containing eGFP, the multiple cloning region of pCS2+,
and an SV40 polyadenylation signal. To produce a dominant-
negative construct, the Hau-Paxβ1 ORF was cloned into pCS107GFP
and the Drosophila Engrailed Repressor (EnR) domain ligated
inframe at amino acid 190. EnR was taken from pCS2MT-xSTAT5-
EnRmyc (Schmerer et al., 2006) along with a myc tag not utilized
here. GFP-tagged Paxβ1:VP16 was generated by swapping the EnR-
myc from pGFP-Paxβ1-EnR with the VP16-myc transactivation
domain of pSP64T-xSTAT5-VP16-myc (Schmerer et al., 2006).
The same general procedures were used to generate full length,
EnR fusion, and VP16 fusion constructs of genes Hau-Pax3/7A
(Woodruff et al., 2007) and -Pax2/5/8 (I.K. Quigley, B.C. Lang, and
M. Shankland, unpublished; GenBank accession no. JQ654099).
To abrogate DNA-binding of the GFP:Paxβ1:EnR protein, we
used site-directed mutagenesis (Ke and Madison, 1997) to intro-
duce a three amino acid substitution (‘HSL mutation′) converting
paired domain amino acids 14–17 from NGRP to HSRL.
For biochemical analyses, we fused leech paired domain coding
sequences to GST by cloning into vector pGEX-4 T-1 (GE
Healthcare).
mRNA injections
Expression plasmids were linearized, and mRNAs transcribed
and capped in vitro using the SP6 mMessage mMachine kit
(Applied Biosystems). Our GFP-tagged mRNAs contained a poly-
adenylation signal; untagged Hau-3/7A mRNA did not, and was
adenylated with the Poly(A) Tailing kit (Applied Biosystems) prior
to injection.
Pax mRNAs were microinjected at a concentration of 0.2–
0.3 mg/ml in 0.1% Fast Green in the needle. Injection of nls-GFP:
EnR mRNA controlled for the non-speciﬁc effect of EnR nuclear
import; the latter construct gave much higher protein accumula-
tion in vivo, and was injected at 80 μg/ml to obtain a comparable
level of protein. We routinely injected mRNAs into the D blasto-
mere of 4-cell embryos, but obtained comparable results injecting
uncleaved zygotes or the CD blastomere of 2-cell embryos.
For rescue experiments, the dominant-negative mRNA, rescue
mRNA, and 0.2% fast green were injected at 1:4:1 volume ratio.
Unless otherwise stated, the concentration of dominant-negative
mRNA was 0.2 mg/ml and the rescue mRNA 0.8 mg/ml post-
dilution. To assess rescue quantitatively, we compared phenotypes
produced by a given dominant-negative when coinjected with a
full length Pax mRNA or the control nls-GFP mRNA. A one-tailed
Wilcoxon rank sum test was used to determine whether
Pax mRNA signiﬁcantly increased the number of ectodermal
blastomeres produced, and a one-tailed Fisher′s test to determinewhether it signiﬁcantly increased the fraction of embryos that
developed the normal number of ecto- or mesoteloblasts.Hau-Paxβ1 binding site selection
We ampliﬁed high afﬁnity Hau-Paxβ1 binding sites from a
population of random nucleotide sequences using the PCR-based
selection procedure by Epstein et al. (1994). A GST-tagged Paxβ1
paired domain was expressed in E. coli BL21 DE3, precipitated with
paramagnetic glutathione beads (MagneGST™ kit; Promega), and
eluted in recovery buffer. At each round of selection, 10 μl of GST:
Paxβ1 fusion protein was incubated with a dsDNA sample in a
200 μl binding reaction containing Tris–Pax Buffer (10 mM Tris–
HCl [pH 7.5], 100 mM KCl, 1 mM EDTA), 4% Ficoll, 0.5 μg Poly dI·dC,
and 1 mM DTT.
The DNA sample in the ﬁrst round of selection was 200 ng of
double-stranded 5′-GCAGTCGACCAAGAGCTCA(N)24AGCACCTGTC-
GACGCAG-3′. After 1 h at room temperature, GST:Paxβ1 and its
bound DNA were precipitated with MagneGST, washed ﬁve times
in Tris–Pax Buffer with 4% Ficoll, and eluted for 1 h at 45 1C in
0.1 ml of recovery buffer: 50 mM Tris–HCl (pH 8.0), 100 mM Na-
acetate, 50 mM EDTA, and 0.5% SDS. Eluted oligos were puriﬁed by
phenol–chloroform extraction/ethanol precipitation, and half the
sample PCR ampliﬁed with primers corresponding to invariant 5′
and 3′ ends of the oligonucleotide pool. Amplicons were precipi-
tated, run on 4% agarose, puriﬁed with spin columns, then used as
the DNA sample in the binding reaction of each succeeding round.
After nine rounds an aliquot was cloned and sequenced, and the
20 sequences aligned manually. The composite binding site was
depicted using WebLogo 3.0 (http://weblogo.threeplusone.com/).Electromobility shift assay (EMSA)
The consensus sequence of our site selection analysis was used
as the dsDNA probe. Oligonucleotide 5′-CGGTGGGCAATCAAGCGT-
GACGACGCCCC-3′ was synthesized by Integrated DNA Technolo-
gies with a ﬂuorophore TYE™ 665 end label, annealed to its
reverse complement, and gel-puriﬁed. Binding reactions were
incubated at room temperature for 20 min, and consisted of 2 μl
protein and 20 fmol of dsDNA probe in 20 μl volume of Tris–Pax
buffer with 1 mM DTT, 2 μg poly dI·dC, and 4% Ficoll. GST-tagged
proteins were expressed in E. coli and puriﬁed with MagneGST.
GFP-tagged proteins were translated in rabbit reticulocyte lysate
(Promega) and introduced into the binding reaction without
puriﬁcation. Binding was analyzed by electrophoresis in 6% poly-
acrylamide/0.5 TBE, with ﬂuorescent probe DNA imaged on a
Molecular Diagnostics Typhoon Scanner (Amersham).Antibody production and immunoblotting
A polyclonal rabbit serum was generated by Open Biosystems
against oligopeptide EPLDLSLKNKFRSQYK, corresponding to the
predicted C-terminus of the Hau-Paxβ1 cDNA (Schmerer et al.,
2009). Serum was afﬁnity-puriﬁed by the manufacturer, and used
for western blots as in Schmerer and Evans (2003). Three embryo-
equivalents of protein were loaded onto each lane of a 10% SDS-
PAGE gel, separated, and blotted on nitrocellulose. Blots were
incubated in a 1:1000 dilution of afﬁnity-puriﬁed anti-Paxβ1,
washed, and incubated in a 1:50,000 dilution of HRP donkey
anti-rabbit secondary. As a loading control, blots were stripped
and reprobed with a 1:2000 dilution of monoclonal anti-β-tubulin
(Sigma; clone T0198) using HRP donkey anti-mouse secondary at
1:20,000. HRP was detected with the SuperSignal West Pico
Chemiluminescent kit (Thermo Fisher).
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Inhibition of zygotic transcription
To examine the role of zygotic transcription in early leech
development we injected H. austinensis zygotes with α-amanitin at
an estimated 1 μM intracellular concentration. The vast majority of
embryos (95%; 150/158) developed normally to stage 4b, when cell
D′ cleaved obliquely to produce daughters DM and DNOPQ
(cf. Fig. 1A and B). The early cell divisions occurred synchronously
in amanitin-treated and untreated siblings, and the orientation
and symmetry of individual cytokineses appeared to be identical
in the two groups. The few experimental embryos that did not
develop to stage 4b manifested abnormalities (lysis; failure to
cleave; chaotic cleavage) that were also seen at low frequency in
controls.
Amanitin-treated embryos began to undergo abnormal devel-
opment during the ensuing cleavages of cells DM and DNOPQ.
These two cell lineages normally go through an invariant sequence
of symmetric cleavages, producing meso- or ectoteloblasts respec-
tively (Weisblat and Huang, 2001). But 95% (142/150) of amanitin-
treated embryos still retained a single large DNOPQ-like cell when
examined 30–50 h postinjection, and 86% retained a single large
DM-like cell (Figs. 2C and 3A). In the other amanitin-treated
embryos the D quadrant blastomeres underwent one or a few
externally visible cleavages, but none gave rise to the normal
complement of teloblasts (Fig. 3A).
The effect of α-amanitin was dose-dependent. Embryos injected
with 40 nM α-amanitin were on average more likely to undergo
externally visible cleavages (Fig. 3A), although a substantial fractionFig. 2. Transcriptional inhibition disrupts proteloblast cleavage. Embryos are viewed
undergoing bilaterally symmetric teloblast formation. At stage 6a (panel A) the ectoderm
surrounding the micromere cap (mc). Mesoderm is outside the plane of focus, but has a
formation. A bilateral pair of N teloblasts and three of the four O/P teloblasts are visible f
DM- and DNOPQ-like cells. (D) Embryo raised in 200 μg/ml actinomycin D showing a pe
into left and right M teloblasts. Scale: 100 μm.still retained a DNOPQ-like cell (68%, 61/90 embryos) and/or a DM-
like cell (48%) 30–50 h post-injection. Similar results were also
obtained with a second transcriptional inhibitor, actinomycin D
(Fig. 3B). The mesodermal progenitor was more likely than the
ectoderm to undergo an externally visible cleavage under all
conditions (Fig. 3), suggesting that this cell may be less sensitive
to transcriptional perturbation.Transcription is required for the geometry of proteloblast cleavage
The persistence of DM- and DNOPQ-like cells in amanitin-
treated embryos could have resulted from a cessation of cell
division; alternatively, these cells may have experienced asym-
metric divisions in which smaller daughters were not readily
visible. (By analogy, cells DM, DM′, and DM″ cannot be distin-
guished on the basis of external appearance in normal embryos
due to the deep location of the dm′ and dm″ micromeres.) To
distinguish these possibilities we followed the sequence of prote-
loblast cleavages in amanitin-treated embryos, using ﬂuorescent
lineage tracers as needed.
In the ectoderm we found that the three micromere-producing
divisions leading up to the symmetric cleavage of proteloblast
DNOPQ‴ (cf. Fig. 1A and C) occurred with normal timing and
geometry in embryos treated with transcriptional inhibitors
(Fig. S1). Cell DNOPQ‴ also cleaved at the appropriate time
(710 min of synchronized sibling controls), but the symmetry
and orientation of its cytokinesis were aberrant. Unlike the
bilaterally symmetric division seen in normal development
(Fig. 4A), in embryos treated with 1 μM α-amanitin the DNOPQ‴from animal pole with D quadrant toward the bottom: (A,B) Normal embryos
al proteloblast has cleaved repeatedly to produce bilaterally paired N and OPQ cells
lso cleaved symmetrically. At stage 7 (panel B) the embryo has completed teloblast
rom the animal pole. (C) Embryo injected with 1 μM α-amanitin showing persistent
rsistent DNOPQ-like cell. In this specimen the mesodermal proteloblast has cleaved
Fig. 3. Histograms showing the number of externally visible ectodermal and
mesodermal in embryos treated with pharmacological inhibitors of transcription.
A color key is provided at the bottom: teal and green bars represent embryos that
produced the normal complement of ecto- and/or mesoteloblasts; red, orange, and
yellow bars represent embryos with a reduced number; dark blue bars represent
embryos with an excess. The number of ectoteloblasts normally visible at this stage
ranges from 6 to 8 due to individual variation in the internalization of Q teloblasts.
Specimens were scored 30–50 h after the onset of treatment, and total numbers are
shown at the right. Zygotes that did not develop normally to stage 4b (o5%) are
not included.
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actively watched (n¼32). The cleavage plane was generally ortho-
gonal to the AV axis (Fig. 4B), although sometimes tilted dextrally
oblique such that the smaller daughter was on the left (Fig. 4C).
The small daughter cell produced by these aberrant DNOPQ‴
cell divisions was generally yolk-free and consistently located near
the animal pole at the edge of the micromere cap. Though difﬁcult
to follow in unlabeled embryos, this small cell was clearly
distinguished from the dnopq′–dnopq‴ micromeres by lineage
tracer injections (Fig. 4G). In contrast, the larger vegetal daughter
inherited both teloplasm and cortex (Fig. 4B and C) and was
readily visible in unlabeled embryos. Thus, we infer that the
persistent DNOPQ-like cells described in the previous section
originated in most if not all cases as the larger vegetal daughters
of aberrant DNOPQ‴ cleavages.
Amanitin had a similar effect on mesodermal cleavage. Forma-
tion of the dm′ and dm″ micromeres appeared to be normal, but
the cleavage of proteloblast DM″ was frequently abnormal.
Because the mesoderm cleaves deep within the embryo, we
injected cell DM″ with RDA in six amanitin-treated embryos and
six sibling controls, then ﬁxed these embryos when the controls
reached stage 5 (cf. Fig. 1A). Cell DM″ manifested its normal
symmetric cleavage in all 6 control embryos (Fig. 4D) and in 1 of
6 amanitin-treated embryos. We did not observe an externally
visible cleavage in the 5 remaining amanitin-treated embryos, but
sectioning revealed that their DM″ cells had in fact undergonehighly asymmetric divisions with a cleavage plane oriented
orthogonal to the AV axis (Fig. 4E). These aberrant DM″ cleavages
produced a small yolk-free animal daughter beneath the micro-
mere cap and a large vegetal daughter that inherited both
teloplasm and cortex (Fig. 4E). Thus, we infer that the persistent
DM-like cells of the previous section originated in most if not all
cases as the large vegetal daughters of aberrant DM″ cleavages. In
certain other experiments we observed amanitin-treated DM″
cells cleave with a less extreme asymmetry (Fig. 4F), and when
this occurred the smaller daughter cell was consistently on
the left.
Injection of α-amanitin has been reported to produce a some-
what different phenotype in embryos of the congeneric leech H.
triserialis (Bissen and Weisblat, 1991). We repeated those experi-
ments here using a closely related strain of H. triserialis (Fig. S2),
and found that transcriptional inhibition frequently disrupted
the symmetry of proteloblast cleavage in this second species as
well (Fig. S3).
Later development of transcriptionally inhibited embryos
The persistent DM- and DNOPQ-like cells continued to divide
for 3–4 days after amanitin treatment. Each cell generated a linear
column of small, uniformly sized daughter cells (Fig. 4H–J) that
outwardly resembled the blast cell bandlets seen during normal
leech development. These columns emerged from the teloplasm of
the parent blastomere, and were attached distally to the micro-
mere cap (Fig. 4I). However, the mesodermal and ectodermal
columns did not merge to form a bilayered germinal band
(Fig. 4H), and no subsidiary mitoses were observed within the
timeframe of our observation. All amanitin-treated embryos died
without undergoing gastrulation.
Dominant-negative knockdown of Pax gene function
While investigating the function of Pax genes in leech devel-
opment we discovered that dominant-negative Pax constructs can
produce cleavage defects similar to those observed with α-
amanitin. We focus here on three H. austinensis Pax genes, all of
which are present as maternal RNAs and prevalent in D quadrant
blastomeres leading up to proteloblast cleavage: Hau-Pax3/7A
(Woodruff et al., 2007); Hau-Paxβ1 (Schmerer et al., 2009); and
Hau-Pax2/5/8 (I.K. Quigley, B.C. Lang, M. Shankland, unpublished
results).
For each of these genes a dominant repressor construct was
generated by fusing the Drosophila EnR domain to the 3′ end of the
leech paired domain (Conlon et al., 1996). GFP was fused to the 5′
end of both dominant-negative and full length constructs. Follow-
ing mRNA injection, GFP ﬂuorescence was used to verify the
translation and nuclear localization of the fusion protein in the
developing embryo.
Hau-Pax2/5/8: Injecting embryos with 0.2 mg/ml GFP:Hau-
Pax2/5/8:EnR mRNA had no obvious effect on the timing or
geometry of the earliest embryonic cell divisions, but blocked or
truncated the symmetric cleavages of the proteloblasts in every
case (Fig. 5G). Ninety-two percent (72/78) of these embryos
retained a large DNOPQ-like blastomere at 28–30 h post-injection,
and 32% (25/78) retained a large DM-like blastomere (Fig. 5A). In a
number of cases we observed cell DNOPQ‴ undergo highly
asymmetric cleavages similar to those seen with amanitin treat-
ment, and the persistent DM- and DNOPQ-like cells often went on
to generate linear columns of small, yolk-free daughters. Given the
similarities in phenotype, these ﬁndings suggested that GFP:Hau-
Pax2/5/8:EnR was repressing one or more of the zygotic genes that
are normally required for symmetric proteloblast cleavage.
Fig. 4. Transcriptional inhibition altered the geometry of proteloblast cleavage: (A–C) Embryos in which proteloblast DNOPQ‴ was labeled with RDA, which preferentially
localizes to the teloplasm. Panel A is an animal view of the normal symmetric cleavage. Panels B (dorsal view) and C (animal view) are embryos treated with 1 μM α-
amanitin, and show asymmetric animal (an) and vegetal (vg) daughters. The micromere cap (mc) is marked for orientation. (D–F) Embryos in which proteloblast DM″ was
labeled with RDA. Panel D is a vegetal view of the normal symmetric cleavage. Panel E is an optical section of an embryo treated with 1 μM α-amanitin: DM″ has cleaved
asymmetrically to produce a small animal daughter (an) beneath the micromere cap. Panel F is a vegetal view of a different embryo treated with 1 μM α-amanitin: DM″ has
cleaved with moderate asymmetry; the left side daughter (L) is smaller than the right (R). (G) Amanitin-treated embryo in which cell DNOPQ was injected with RDA, and
great-granddaughter DNOPQ‴ reinjected with FDA. DNOPQ‴ underwent an aberrant asymmetric cleavage, and its doubly labeled (yellow) small animal daughter (an) is
clearly distinct from the singly labeled (red) dnopq′–dnopq‴ micromeres (marked 1–3). Image is a collapsed Z series of horizontal optical sections, and a glancing section of
the doubly labeled vegetal daughter is visible at the right. (H) Mesodermal (red) and ectodermal (green) blastomeres continue to divide after 3 d of amanitin treatment,
producing columns of yolk-free daughter cells (arrows). (I,J) High magniﬁcation of an ectodermal cell column: cell morphology is delineated by FDA lineage tracer (green);
and nuclear morphology by H2B:RFP protein (red). A faintly labeled cluster of DNOPQ-derived micromeres (asterisk) is visible at the column′s leading end. Scales: A–F, H –
100 μm; G, I, J – 20 μm.
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normally to produce the usual complement of teloblasts (Fig. 5D
and G), as did embryos injected with the Hau-Pax2/5/8 paired
domain fused to transcriptional activator VP16 (Fig. 5G; see
Sadowski et al., 1988). Normal cleavage was also observed
(Fig. 5G) in embryos expressing GFP fused to the EnR (3′) and a
nuclear localization signal (5′), demonstrating that cleavage was
unaffected by the mere entry of EnR into the nucleus. Hence, the
cleavage defects described above apparently resulted from physi-
cal association of EnR with the paired domain.
Hau-Paxβ1: Injection of 0.2 mg/ml GFP:Hau-Paxβ1:EnR mRNA
also blocked or truncated the normal sequence of ectodermal
cleavages (Fig. 5B and G), although the phenotype was typically
less severe. Twenty-three percent (18/80) of these embryos
retained a single large DNOPQ-like blastomere, and 89% showed
a clear reduction in the number of ectoteloblasts produced. The
symmetric cleavage of the mesodermal proteloblast was some-
times blocked as well, but this effect was relatively rare in
embryos injected with GFP:Hau-Paxβ1:EnR (Fig. 5G; see also
Fig. 6). Both germ layers developed normally in embryos injected
with full length GFP:Hau-Paxβ1 (Fig. 5E), as well as the vast
majority of embryos injected with GFP:Hau-Paxβ1:VP16.
Hau-Pax3/7A: Injection of 0.2 mg/ml GFP-Hau-Pax3/7A:EnR
mRNA produced cleavage defects similar to those seen with ourother Pax:EnR constructs (Fig. 5C). However, comparable abnorm-
alities were also observed following the injection of full length
Hau-Pax3/7A mRNA (Fig. 5F), with or without a GFP tag. These
observations could be explained if full length Hau-Pax3/7A
mimicked the EnR constructs by acting as a transcriptional
repressor, an interpretation supported by our ﬁnding that the
Hau-Pax3/7A paired domain did not elicit cleavage defects when
fused to the VP16 activator (Fig. 5G).
In sum, these dominant-negative studies suggested that the
Hau-Pax2/5/8 and/or -Paxβ1 genes could play a role in regulating
the symmetry of proteloblast cleavage during normal leech devel-
opment. Proteloblast cleavage was also altered by our Hau-Pax3/7A
dominant-negative, but control experiments suggested that this
was an artifact, and possibly the result of off-target effects.
Functional rescue of dominant-negative phenotypes
To elucidate the genetic speciﬁcity of these dominant-negative
phenotypes we tried to rescue proteloblast cleavage by coexpres-
sion of full length Pax proteins (see section “Methods”). For each
EnR construct, we compared the phenotypic outcome of using
GFP:Hau-Pax2/5/8, GFP:Hau-Paxβ1, or the control nls-GFP as the
rescue mRNA. The range of phenotypes obtained using nls-GFP to
‘rescue’ served as the baseline for statistical analyses. Results are
Fig. 5. In vivo expression of dominant-negative Pax constructs. Cells labeled as in Fig. 2: (A–C) Embryos injected with mRNAs encoding Pax:EnR fusion proteins. (D–F)
Embryos injected with mRNAs encoding full length Pax proteins. Scale: 100 μm. (G) Histograms showing the number of externally visible ectodermal and mesodermal
blastomeres in embryos injected with Pax gene constructs. Specimens scored 28–30 h after mRNA injection. A color key is provided at the bottom (see legend, Fig. 3), and
total numbers shown at the right. The white bar in the Pax3/7 A:EnR histogram represents a single embryo in which cell D′ did not cleave.
Fig. 6. Histograms showing the number of externally visible ectodermal and mesodermal blastomeres in embryos coinjected with dominant-negative and full length Pax
mRNAs. Dominant-negative mRNAs (top) and full length rescue mRNAs (left) were injected at a 1:4 ratio; nls-GFP was employed as a control ‘rescue’ mRNA. Specimens were
scored 28–30 h after mRNA injection. A color key is provided at the bottom (see legend, Fig. 3), and total numbers shown at the right.
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in Fig. 6.
GFP:Hau-Pax2/5/8: Coinjection of GFP:Hau-Pax2/5/8 mRNA
appeared to rescue the symmetric cleavage of the mesodermal
proteloblast under several different conditions (Figs. 6 and S4). For
example, cell DM″ only cleaved normally in one-quarter of the
embryos injected with a combination of 0.2 mg/ml GFP:Hau-Pax2/
5/8:EnR and 0.8 mg/ml nls-GFP, but substituting GFP:Hau-Pax2/5/8
as the rescue construct gave a highly signiﬁcant increase
(po0.0005) in the fraction of embryos that produced an overtlynormal pair of M teloblasts (Table 1). Coinjection of GFP:Hau-Pax2/
5/8 also gave a substantial number of embryos (blue bar in Fig. 6)
in which the mesodermal proteloblast underwent multiple rounds
of symmetric cleavage, producing an array of 3–6 abnormally
small mesoteloblasts (Fig. S6B). Hence, the probability that cell DM
″ would manifest at least one symmetric cleavage was roughly
tripled by coinjection of full length Hau-Pax2/5/8 (Fig. 6).
GFP:Hau-Pax2/5/8 also increased the likelihood of normal
mesodermal cleavage in embryos when coinjected with the GFP:
Pax3/7A:EnR or GFP:Hau-Paxβ1:EnR dominant-negatives (Table 1).
Table 1
Rescue of dominant-negative phenotypes by full-length Pax proteins.
Dominant-negative mRNA Rescue mRN Ectodermal blastomeres (mean7S.D.) % Normal ectoderm % Normal mesoderm N
GFP:Hau-Paxβ1:EnR (0.2 mg/ml) GFP:Hau-Paxβ1 5.571.7nnnn 73nnnn 97n 71
GFP:Hau-Pax2/5/8 2.471.3 4 95 79
nls-GFP 2.471.8 7 86 74
GFP:Hau-Pax2/5/8:EnR (0.2 mg/ml) GFP:Hau-Paxβ1 1.270.5 0 77nnnn 78
GFP:Hau-Pax2/5/8 1.470.8 1 53nnn 66
nls-GFP 1.270.7 1 25 119
GFP:Hau-Pax2/5/8:EnR (2 μg/ml) GFP:Hau-Paxβ1 8.070.2nnnn 100nnnn 100 24
GFP:Hau-Pax2/5/8 3.071.4 0 92 25
nls-GFP 3.171.6 5 96 82
GFP:Hau-Pax3/7A:EnR (0.2 mg/ml) GFP:Hau-Paxβ1 2.972.2n 17n 96nn 47
GFP:Hau-Pax2/5/8 1.470.7 0 97nn 39
nls-GFP 2.171.5 3 72 31
Rescue mRNAs were injected at four-times the concentration of the dominant-negative in all combinations. Statistical tests calculated whether a given parameter was
signiﬁcantly increased by coinjecting the full-length Pax protein instead of the control nls-GFP. Signiﬁcant results are marked as follows:
n po0.05.
nn po0.01.
nnn po0.0005.
nnnn po0.0001.
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(po0.01).
In contrast to its clearcut effect on mesodermal development,
coinjection of full length Hau-Pax2/5/8 had no apparent effect on
ectodermal cleavage (Fig. S4A). There was no signiﬁcant increase
in the number of ectodermal blastomeres produced when this
rescue construct was combined with any of our three dominant-
negatives (Table 1).
GFP:Hau-Paxβ1: Coinjection of GFP:Hau-Paxβ1 was able to
rescue both mesodermal and ectodermal cleavage defects, and
did so in combination with any of our three dominant-negative
constructs (Fig. 6). When coinjected with GFP:Hau-Paxβ1:EnR, full
length Hau-Paxβ1 gave a highly signiﬁcant increase (po0.0001) in
both the mean number of ectodermal blastomeres produced and
the percentage of embryos displaying the normal complement of
ectoteloblasts (Table 1). The GFP:Hau-Paxβ1:EnR dominant-
negative had a relatively weak effect on mesodermal cleavage,
but this was also alleviated to a signiﬁcant degree (po0.05) by
coinjection of GFP:Hau-Paxβ1 (Table 1). The cleavage pattern of
these rescued embryos was indistinguishable from normal in
many cases (Fig. S4C).
When GFP:Hau-Paxβ1was coinjected at a 4:1 ratio with 0.2 mg/
ml GFP:Hau-Pax2/5/8:EnR, there was a highly signiﬁcant rescue
(po0.0001) of mesodermal cleavage but little or no alleviation of
ectodermal defects (Table 1). Given that ectodermal cleavage was
more sensitive to disruption following a wide range of experi-
mental perturbations, we examined the interaction of GFP:Hau-
Paxβ1 and GFP:Hau-Pax2/5/8:EnR when both mRNAs had been
diluted one hundred-fold. At this lower concentration, full length
Hau-Paxβ1 gave a highly signiﬁcant rescue (po0.0001) of the
ectodermal cleavage pattern as well (Table 1; Figs. 6, S4D).
In addition, coinjection of GFP:Hau-Paxβ1 gave a modest but
statistically signiﬁcant improvement in both ectodermal and
mesodermal cleavage when coinjected with the dominant-
negative GFP:Pax3/7A:EnR (Table 1).
DNA binding of Pax gene constructs
We compared the DNA binding properties of the Pax constructs
employed in these functional studies. First we used a GST:Paxβ1
paired domain to select sequences from a random pool of double-
stranded oligonucleotides, cloning selected sequences after nine
rounds of serial enrichment (see section “Methods”). The selectedoligonucleotides shared the sequence motif CA(-)6CGTGAC (Fig. S5A),
and the consensus was used as a DNA probe for EMSAs. The Hau-
Paxβ1 paired domain gave a strong gel shift when tagged with GFP or
GST (Fig. S5B and C), as did the GFP:Paxβ1:EnR and GFP:Paxβ1:VP16
constructs (Fig. S5B). In short, DNA binding was not compromised in
any of the constructs used to analyze function in vivo. The Hau-Pax2/
5/8 and -Pax3/7A paired domains also bound this probe (Fig. S5C).
To determine whether DNA binding was critical for the
dominant-negative phenotype, we introduced three amino acid
substitutions (HSL mutation, see section “Methods”) into the
paired domain of GFP:Hau-Paxβ1:EnR. These substitutions target
a highly conserved protein:DNA interface (Xu et al., 1995), and
greatly reduced DNA binding in EMSAs (Fig. S5B). Ninety-six
percent (24/25) of embryos injected with GFP:Paxβ1HSL:EnRmRNA
produced a normal complement of teloblasts, suggesting that our
dominant-negatives had to bind DNA in order to disrupt the
symmetry of proteloblast cleavage.
Developmental time-course of Hau-Paxβ1 protein expression
To examine Hau-Paxβ1 protein expression we generated a
polyclonal antiserum against an oligopeptide corresponding to
the C terminus. Afﬁnity-puriﬁed anti-Hau-Paxβ1 recognized bands
of 130 and 110 kDa in protein extracts of embryos (Fig. S6). Neither
band was detected by preimmune serum, and staining was
blocked by oligopeptide preincubation. Both bands showed a
relatively constant abundance throughout embryogenesis (Fig.
S6), being prevalent in oocytes, uncleaved zygotes, and early
cleavage-stage embryos (stages 2–6). Hence, the embryo receives
a signiﬁcant contribution of maternal Hau-Paxβ1 protein, and the
level of Hau-Paxβ1 remains stable leading up to the symmetric
proteloblast cleavages. This anti-Hau-Paxβ1 serum did not prove
effective for immunohistochemistry.Discussion
Maternal and zygotic factors in the regulation of embryonic cell
lineage
Maternal gene products orchestrate the earliest embryonic cell
divisions in a wide variety of animal taxa (Newport and Kirschner,
1982; Edgar and Schubiger, 1986; Edgar et al., 1994), but eventually
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et al., 1989). Consistent with this scheme we ﬁnd that leech
embryos treated with transcriptional inhibitors undergo normal
early development, then manifest an abrupt requirement for de
novo transcription during the cleavage of the DM″ and DNOPQ‴
proteloblasts. Inhibitors had little or no effect on the timing of
these two cell divisions, arguing that cell cycle progression was
under the control of maternal factors, but the placement of the
proteloblasts’ cleavage furrows was strongly inﬂuenced by zygotic
gene expression.
The strongest and most consistent cleavage defects were
observed in H. austinensis embryos treated with 1 μM α-amanitin,
a concentration known to eliminate nearly all RNA polymerase II-
mediated transcription in vitro (Lindell et al., 1970). In these
embryos the DM″ and DNOPQ‴ cells rarely manifested their
normal cleavages, which are bilaterally symmetric, but rather
displayed highly asymmetric divisions with an orientation roughly
orthogonal to the normal cleavage. This aberrant cleavage geome-
try was strikingly similar in the mesodermal and ectodermal
lineages, suggesting that the two proteloblasts use comparable
mechanisms – and possibly some of the same gene products (see
below) – to regulate cleavage geometry during normal
development.
The proteloblasts DM″ and DNOPQ‴ are the ﬁrst cells in the leech
embryo to display bilaterally symmetric cleavage, and their transition
to bilateral symmetry is a key event in morphogenesis. Our present
ﬁndings suggest that the proteloblasts require zygotic gene expres-
sion to undertake this developmental transition, raising the possibi-
lity that they simply recapitulate the micromere-producing cell
divisions of their parents in the absence of transcription. For
example, the parent cell DNOPQ″ normally divides to produce the
large yolk-rich proteloblast and a small yolk-free animal micromere,
a cytokinesis that resembles the aberrant cleavage of DNOPQ‴ in
embryos treated with transcriptional inhibitors. The same is also true
of the mesodermal lineage. Indeed, the fact that proteloblasts
generate linear columns of small, uniformly sized daughter cells in
amanitin-treated embryos could mean that they are doomed to serial
repetition of the parental cell division.
It should, however, be noted that columns of small uniformly
sized daughter cells are also observed during normal leech devel-
opment, i.e. the blast cell bandlets generated by the meso- and
ectoteloblasts (Weisblat and Huang, 2001). Thus, an alternative
interpretation of our ﬁndings is that proteloblasts lacking zygotic
transcription may mature into teloblasts precociously, and in
doing so skip over the symmetric cleavages that are part of normal
development. In theory one could distinguish these two models by
comparing markers of micromere vs. blast cell differentiation.
However, it would be difﬁcult to make such a distinction with
any conﬁdence relying solely on the morphological data at hand.
Independent of these models, our ﬁndings suggest that the
leech embryo′s normal transition from spiral to symmetric clea-
vage is brought about either directly or indirectly by the de novo
synthesis of one or more zygotic gene products. The regulation of
embryonic cell divisions has been studied extensively in C. elegans
and Drosophila embryos (reviewed by Siller and Doe, 2009), and a
central theme to come out of those studies is that the placement
and orientation of the mitotic spindle are controlled by evolutio-
narily conserved pathways including the PAR cell polarity proteins
(Goldstein and Macara, 2007) and receptor-independent G protein
signaling (Hampoelz and Knoblich, 2004). These pathways work
together to regulate the cytoplasmic motors that engage and pull
on astral microtubules (Moore and Cooper, 2010). It could be that
leech proteloblasts normally shift from spiral to symmetric clea-
vages because they – or their lineal precursors – begin to express
gene products that reset the balance between different regulatory
pathways.Pax genes and proteloblast cleavage
Our dominant-negative studies suggest that there is at least
one transcriptional event required for the symmetry of proteoblast
cleavage that is critically dependent upon Pax gene transcription
factors. The cleavage defects produced by dominant-negative Pax
constructs were on average weaker than those seen with α-
amanitin, but encompassed a range of developmental phenotypes
that was largely indistinguishable. Moreover, the dominant-
negative phenotype was alleviated by a mutation that blocks
DNA binding, and could be rescued by coexpression of full length
Pax proteins.
We were surprised that the genetic speciﬁcity of our rescue
experiments differed so markedly in ectodermal and mesodermal
lineages. In the ectoderm, coexpression of Hau-Paxβ1 reduced or
eliminated the cleavage defects produced by all three dominant-
negative constructs. We interpret this rescue as evidence that Hau-
Paxβ1 promotes the transcription of zygotic gene(s) required for
the symmetric cleavage of DNOPQ‴, and infer that endogenous
Hau-Paxβ1 very likely activates those same gene(s) during normal
development. The prevalence of Hau-Paxβ1 RNA (Schmerer et al.,
2009) and protein in the stages leading up to proteloblast cleavage
is consistent with this interpretation.
In contrast, Hau-Pax2/5/8 gave no detectable rescue of ectoder-
mal cleavage within the context of our assay. Although a negative
result, this observation suggests that endogenous Hau-Pax2/5/8
does not contribute to ectodermal cleavage in vivo. It should be
noted that Hau-Pax2/5/8:EnR gave the strongest and most consis-
tent ectodermal cleavage defects of any of our dominant-negative
constructs, suggesting that this protein can compete with Hau-
Paxβ1 for DNA binding and elicit off-target repression. But full
length Hau-Pax2/5/8 seems unable to replace Hau-Paxβ1 as a
transactivator of those genes.
The genetic speciﬁcity of mesodermal rescue was decidedly
different, with coinjection of either Hau-Pax2/5/8 or -Paxβ1 being
sufﬁcient to rescue the dominant-negative phenotype. This func-
tional redundancy could be an artifact of our rescue paradigm, or it
may indicate that both Hau-Pax2/5/8 and -Paxβ1 contribute to the
regulation of mesodermal cleavage during normal development. If
correct, this would mean that the symmetric cleavages of the
ectodermal and mesodermal proteloblasts depend to at least some
degree upon distinct transcriptional events. In further support of
that idea, we have found a 1–2 h interval in stage 4b when
ectodermal cleavage remains sensitive to α-amanitin injection
while the mesoderm no longer responds (M. Shankland, unpub-
lished results). Genetic redundancy in the control of mesodermal
cleavage could also help to explain why the DM″ cleavage was
consistently less sensitive to perturbation by either pharmacolo-
gical or molecular reagants.
It is interesting that our dominant-negative Pax constructs had
no discernable effect during the 12 h of development leading up to
proteloblast cleavage, even though the embryo inherits Hau-Paxβ1
protein from the oocyte. It is possible that this store of maternal
protein is sufﬁcient to regulate proteloblast cleavage, and is simply
not employed as a transcriptional regulator during the earliest cell
cycles. In this regard, it is noteworthy that antisense morpholino
knockdown of Hau-Paxβ1 has no effect on early cleavages, although
later abnormalities have been observed (Schmerer and Shankland,
unpublished results). Still, we cannot rule out the possibility that
leech Pax proteins have other early developmental functions that
were overlooked here due to our focus on cell lineage.
Comparison to other spiralians
The bilaterally symmetric division of mesodermal progenitor cell
4d (homolog of leech′s DM″) and the role of that cleavage in
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universal hallmarks of spiralian development (Henry and Martindale,
1999). But while there is conservation in the molecular pathways that
specify the D quadrant (Lambert and Nagy, 2001, 2003; Henry and
Perry, 2008; but also see Amiel et al., 2013), it is largely unknown how
that speciﬁcation leads to symmetric cleavage of cell 4d.
In the leech H. austinensis, our ﬁndings indicate that zygotic
transcription mediated by Hau-Paxβ1 and/or -Pax2/5/8 plays a
critical role in this process. Bissen and Weisblat (1991) examined
the effect of α-amanitin another leech species, H. triserialis, and
while they also observed abnormalities in teloblast formation those
authors reported that only 13% of amanitin-treated embryos under-
went abnormal development during the two hours leading up to
stage 5, i.e. when DM″ and DNOPQ‴ normally cleave. We repeated
those experiments here on a closely related strain of H. triserialis,
and in our hands transcriptional inhibition had a variable but
nonetheless dramatic effect on the initial symmetry of proteloblast
cleavage. We therefore conclude that zygotic gene expression does
regulate the transition to bilateral symmetry in both leech species,
although the role of Pax genes in H. triserialis is still unknown.
There are only a few pertinent studies frommore distantly related
spiralians. It has been reported that actinomycin D has no effect on
the cleavage of polychaete (Guerrier, 1971) or molluscan (Newrock
and Raff, 1975) embryos, but those studies cannot be deemed
conclusive since the authors failed to insure that transcription was
inhibited before the symmetric division of cell 4d. And there are no
reports on the developmental function of Paxβ or Pax2/5/8 genes in
other spiralians, although Has-Pax258 has been shown to be a
maternal gene product in abalone (O′Brien and Degnan, 2003).
Despite this dearth of comparative data, the evolutionary
history of the Paxβ gene family is interesting in light of the
functional studies reported here. Paxβ genes have only been found
in taxa that develop by spiral cleavage or evolved from spiralian
ancestors (Schmerer et al., 2009), suggesting that the Paxβ family
originated near the base of the spiralian radiation. Moreover,
intron/exon organization argues that Paxβ arose by duplication
and divergence of a Pax2/5/8 gene (Schmerer et al., 2009), in which
case the functional redundancy of Hau-Paxβ1 and -Pax2/5/8 in
leech mesoderm could reﬂect an ancestral role that predated gene
duplication. One can only speculate as to how the earliest
spiralians managed to retain bilateral morphogenesis while evol-
ving a cleavage pattern dominated by rotational divisions. But the
ability of Hau-Paxβ1 and/or -Pax2/5/8 to bring about a spiral-to-
bilateral cleavage transition in the leech′s “4d” lineage may offer
insight into this question.
In contrast to the mesoderm, only a subset of spiralians,
primarily annelids, initiate the bilateral symmetry of their ecto-
dermal development through the symmetric cleavage of a large
embryonic progenitor cell (Meyer and Seaver, 2011). Our func-
tional data indicate that H. austinensis employs Pax-mediated
zygotic transcription to govern the cleavage symmetry of both
mesodermal and ectodermal proteloblasts, and may in fact use one
of the same transcription factors, Paxβ1, in both cells. This
mechanistic similarity could bespeak a common evolutionary
origin: for example, the transcriptional mechanism for regulating
cleavage symmetry may have originated in the spiralian meso-
derm, and later been coopted to the ectoderm in an ancestor of the
leech. However, these developmental phenomena will need to be
investigated in a broader phylogenetic context before one can
meaningfully address evolutionary hypotheses of this sort.Acknowledgments
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